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The r e l a t i v e l y  h igh  s u l f u r  content of coke produced 
Athabasca bitumen, makes it environmentally unsu i t ab le  aa a f u e l .  We have 
attempted t o  coagglomerate these cokes with sulphur  d iox ide  cap tu re  agents  
such as: l ime. hydrated lime and limestone i n  an at tempt  t o  reduce 
emissions during combustion. By providing an environment where t h e r e  is 
i n t i m a t e  con tac t  between f u e l  and sorbent  it was hoped t h a t  g r e a t e r  u t i l i s a -  
t i o n  of the so rben t  could be achieved, compared t o  f l u i d  bed combustion, 
where t h e  so rben t  is added sepa ra t e ly  t o  the  bed. Cokes from both Suncor 
and Syncrude ope ra t ions  were used in t h i s  i nves t iga t ion .  The e f f e c t  of 
condi t ioning agents  such as sodium hydroxide,  sodium o l e a t e ,  and a petroleum 
s u l f o n a t e  on t h e  formation of coke oil agglomerates as wel l  a s  on the  
e f f i c i e n c y  of s u l f u r  dioxide cap tu re  w a s  a l s o  inves t iga t ed .  Su l fu r  dioxide 
capture  was found t o  depend mainly on t h e  calcium t o  s u l f u r  mole r a t i o  i n  
t h e  agglomerates ,  t h e  combustion temperature,  p a r t i a l  p re s su re  of oxygen, 
and t h e  type of coke and sorbent .  The e f f i c i e n c y  of t he  th ree  cap tu re  
agen t s  i n  t h e  reduct ion of s u l f u r  dioxide emissions,  has  been compared. 

Upgrading of Athabasca o i l  sands bitumen t o  form a s y n t h e t i c  crude oil produces a 
s o l i d  carbonaceous ma te r i a l ,  known as "Coke". The two commercial o i l  sands p l a n t s  
operat ing i n  Alberta  produce approximately 4,000 t ons  of coke pe r  day k]. 
con ta ins  6 4 %  s u l f u r  almost e n t i r e l y  i n  the  form of organic  s u l f u r  compounds such a s  
thiophenes,  s u l f i d e s .  d i s u l f i d e s  and t h i o l s  [?I. 
co r ros ion  problems a s soc ia t ed  with the  combustion of t h i s  coke, its use  a s  a b o i l e r  
f u e l  is l imi t ed  and a s i g n i f i c a n t  po r t ion  of the coke is being s tockp i l ed  as a waste 
product. However, o i l  sands coke with a c a l o r i f i c  value of about 33 KJ/Kg k] would 
be an a t t r a c t i v e  b o i l e r  f u e l  i f  i t  could be desu l fu r i zed  economically. 

Although considerable  work has  been done on va r ious  methods of desu l fu r i z ing  
coal and c o a l  cha r s ,  comparatively few s t u d i e s  appear i n  the  l i t e r a t u r e  on t h e  
d e s u l f u r i z a t i o n  of petroleum coke, p a r t i c u l a r l y  coke der ived from Athabasca oil sand 
bitumen. There have been some at tempts  at  d e s u l f u r i z a t i o n  of t hese  cokes employing 
such methods as hydrodesu l fu r i za t ion ,  combustion with l imestone add i t ion ,  impregnation 
with high base load ings  followed by c a l c i n a t i o n  i n  an i n e r t  atmosphere and subsequent 
leaching,  chemical ox ida t ion ,  and so lven t  e x t r a c t i o n  m]. 
methods a r e  s a i d  to be uneconomical [L]. Fluidized-bed combustion of coal  i n  t h e  
presence of l imestone is emerging aa a promising technology t h a t  can achieve high 
combustion e f f i c i e n c y  with s i g n i f i c a n t l y  reduced sulfur d iox ide  emissions k]. 
disadvantage of t h e  process  is t he  high calcium t o  s u l f u r  mole ratios required f o r  
acceptable  r educ t ions  i n  s u l f u r  dioxide emissions.  For example, using l imestone as a 
s u l f u r  so rben t  i n  a f l u i d i z e d  bed f o r  Suncor delayed coking coke, a Ca/S r a t i o  of 3 : l  
was required t o  achieve 80% reduct ion i n  SO2 emissions [I]. 

The o b j e c t i v e  of t h i s  i n v e s t i g a t i o n  was t o  develop an  economically 
a t t r a c t i v e  method by which t h e  oil sands coke may be u t i l i z e d  d i r e c t l y  as a b o i l e r  
f u e l  without s e r i o u s  environmental  damage. 
r epor t s  regarding t h e  coagglomeration of coa l ,  coke or char  with s u l f u r  sorbents .  
present  program w a s  designed t o  study the f e a s i b i l i t y  of co-agglomerating s u l f u r  
cap tu re  agen t s  such a s  l imestone,  l ime and s laked l ime with o i l  sands bitumen coke as 
a means of i nc reas ing  t h e  u t i l i s a t i o n  of t hese  agen t s  during s u l f u r  dioxide removal on 
combustion. 
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Experimental Methods 
Mater ia ls .  
from the Alberta  Research Council sample bank. The coke w a s  ground t o  150 vn~ s i z e  
us ing  a Brinkman 2151 Cent r i fuga l  Grinding M i l l .  The composition and C a l o r i f i c  va lue  
of t hese  samples a r e  l i s t e d  i n  Table I. 

Suncor delayed coking coke and Syncrude f l u i d  coke samples were ob ta ined  

TABLE I . 
Composition and Physical  Data f o r  Cokes 

Proximate Analysis* (Dry Basis) 
Ash 
Vola t i l e  Matter 
Fixed Carbon 

Carbon 
Hydrogen 
Nitrogen 
Sulfur  

Ash 

Ultimate Analysis (Dry Basis) 

Oxygen 

C a l o r i f i c  Value* N/Kg 

Suncor Delayed 
Coke I 

6 .O 
11.6 
82 .4  

8 3 . 0  
3.4 
1.5 
5.9 
2.9 
3.4 

33.4 

I S p c r u d e  
Fluid Coke 

6.9 
4 .4  
8.0 

32.6 
~~~~ 

* Alberta  Research Council (Fuel Sciences Divis ion)  

Bridging l i q u i d  used f o r  agglomeration of coke p a r t i c l e s  w a s  a sample of 
bitumen obtained from the  Alberta  Research Council sample bank. This was 8 sample of 
coker feed bitumen from Suncor, prepared f o r  u se  i n  a round robin s tudy  of bitumen 
analyses  [7]. 
l imestone, l i m e  and slaked l i m e .  The sample of l imestone used was  pulver ized 
a g r i c u l t u r a l  l imestone (Domtar). It contained approximately 97% CaC03. A p a r t i a l  
s i z e  d i s t r i b u t i o n  of t h i s  sample is given in Table 11. 
CaO sample. 

obtained from Witco Chemicals Corporation. 

A number of s u l f u r  dioxide capture  agents  were t r i e d  including:  

Lime w a s  a l abora to ry  grade 
Various samples of s laked lime were prepared as shown i n  Table 111. 

Petroleum su l fona te  (TRS-10-80), used as a condi t ioning agen t ,  was 

TABLE I1 
Size Di s t r ibu t ion  of Limestone 

I I Cumulative Weight Percent  I Sieve (Pm) Size . Passing 

6 7 . 0  
7 4 . 7  
91 .8  i 44  

7 4  
[ 5 3  

Procedure. 
dispersed i n  100 ml of t a p  water  contained i n  a Waring Blendor. 
of a condi t ioning agent was then added and t h e  con ten t s  a g i t a t e d  a t  250 rps  f o r  15 
seconds. A t  t h i s  s t a g e  t h e  blending speed was lowered t o  120 rps .  Bitumen was added 
slowly while  cont inuing blending u n t i l  d i s c r e t e  agglomerates o r  a u n i t a r y  phase was 
obtained (5-15 minutes).  
aqueous phase by screening.  
bitumen. coke,and a sh  content  using a procedure descr ibed elsewhere E]. 
port ion of t he  agglomerates was d r i ed  at  I00"C t o  a constant  weight. 

20 g of coke w a s  mixed wi th  known amounts of sorbent  and t h e  mixture  
An appropr i a t e  amount 

. 
Coke o i l  agglomerates/oi l  phase were then separated from the 

A po r t ion  of t h e  agglomerates were used f o r  ana lys i s  of 
The second 
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TABLE I11 
Experimental  Conditions f o r  Various Hydrated Lime Sample P repa ra t ion  

Laboratory grade CaO was mixed with d i s t i l l e d  water in 
t h e  r a t i o  of l :4 'and then a i r  d r i ed  a t  90". 
20 g of CaO was mixed with EO g of d i s t i l l e d  water  and 
740 m l  of isopropyl  a lcohol .  'Ihe s l u r r y  waa then dr ied 
a t  90°C on a r o t a r y  evaporator  under vacuum. 
Same as above, except t h e  excess l i q u i d  was removed 
under atmospheric pressure a t  9OOC. 
10 g of CaO was mixed with 40 g of 0.5% aqueous s o l u t i o n  
of aodium s u l f o n a t e  (Witco TRS-10-80) and 370 m l  of 
isopropyl  a lcohol .  
and then d r i ed  on a r o t a r y  evaporator  a t  90°C under 
vacuum. 
Same as above, except t h e  excesa l i q u i d  was removed 
under atmospheric pressure a t  90'C. 
Same a8 sample 1 except t h a t  t h e  sample was f r e e z e  
dr ied.  
Same a s  sample 1 except t h a t  t h e  sample was d r i ed  in a 
vacuum oven a t  90°C. 

Contents were mixed i n t o  a s l u r r y  

Combustion of O i l  AgglomeratesIOil  Phase. 
f i r s t  dr ied In an oven a t  100°C t o  a constant  weight t o  f a c i l i t a t e  a n a l y t i c a l  calcula-  
t i ons .  However, because of t he  economic advantage in burning w e t  agglomerates,  a 
separate  i n v e s t i g a t i o n  involving the  combustion of wet agglomerates is i n  progress.  
The r e s u l t s  of t h i s  s tudy w i l l  be reported elsewhere.  Two procedures were used f o r  
t h e  ashing of d r i ed  coke-oil  agg lomera te s lo i l  phase. The f i r s t  procedure involved 
weighing an agglomerate sample i n t o  a porcelain c ruc ib l e ,  and placing i t  d i r e c t l y  i n t o  
a muffle fu rnace  p r e s e t  at  t h e  des i r ed  temperature. This technique has  been r e fe r r ed  
t o  a s  combustion wi th  l imi t ed  a i r .  The second procedure involved burning the  sample 
over  a bunsen hurner in t h e  open a i r  followed by completion of t h e  ashing process in 
t he  muffle furnace a t  an appropr i a t e  temperature.  This  has  been r e fe r r ed  t o  as 
combustion with excess  air. 
Su l fu r  Analysis.  Attempts were made t o  measure the  s u l f u r  dioxide emissions from 
coke-oil agglomerates by burning 1.0 g of t he  sample in a porce la in  boat  placed 
i n s i d e  a qua r t z  tube contained in a tube furnace (ASTM method D4239-83). This method 
is s p e c i f i c a l l y  designed f o r  t he  determfnation of s u l f u r  in coke and coal .  Sulfur  
dioxide i n  t he  combustion gases  was absorbed by 1% hydrogen peroxide s o l u t i o n  and the  
r e su l t i ng  s u l f u r i c  acid t i t r a t e d  a g a i n s t  0.05N-NaOH s o l u t i o n  t o  pH 5.0, see equa t ion  

Before combustion wet agglomerates were 

[ l l .  

SOz + H2OZ H2S0,, [ I 1  

The s u l f u r  content  of the coke, coke-oil agglomerates and coke-sorbent-oil 
agglomerates w a s  also determined independently using a Leco s u l f u r  analyzer  and by 
x-ray f luorescence spectrometry.  Excel lent  agreement between the  r e s u l t s  f o r  s u l f u r  
content  f o r  coke and coke-oil  agglomerates was obtained by t h e  t h r e e  methods. 
However, each method gave a d i f f e r e n t  r e s u l t  f o r  t h e  s u l f u r  content  of coke-sorbent- 
o i l  agglomerates. Reproduc ib i l i t y  was extremely poor f o r  t hese  samples when using the 
ASRl method. Resu l t s  from t h e  Leco s u l f u r  analyzer  were rep roduc ib le  within i5% but  
gave s i g n i f i c a l l y  lower s u l f u r  con ten t s  than x-ray f luorescence spectrometry.  Resul ts  
from x-ray f luorescence spectrometry were much c l o s e r  t o  t h e  expected values  than t h e  
r e s u l t s  from t h e  o t h e r  two methods. Total  s u l f u r  in t h e  a sh  obtained from t h e  combus- 
t i o n  of coke-oil  and coke-sorbent-oil  agglomerates was a l s o  determined using x-ray 
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f luorescence spectrometry.  

of the t o t a l  s u l f u r  i n  t h e  o r i g i n a l  coke. 
The s u l f u r  f ixed  i n  t h e  a sh  during combustion is expressed a s  a percentage 

It was ca l cu la t ed  from t h e  equat ion:  

( 2 )  
Percentage w t .  of s u l f u r  in ash from y g of agglomerates 

Sulfur  f ixed  w t .  of s u l f u r  i n  y g of agglomerates 

Wt. of sulfur in ash 

w t .  of s u l f u r  in 

wt.  ash x % s u l f u r  i n  a s h  

w t .  agglomerates x % s u l f u r  i n  agglomerates 
100 

agglomerates 100 

Resul ts  and Discussion 
Sulfur  Determination. 
by: 
a r e  l i s t e d  i n  Table IV.  
agglomerates, but  each method gave a d i f f e r e n t  r e s u l t  f o r  coke- l imestone-oi l  
agglomerates with the mst s c a t t e r  being obtained with the  ASTM method. 
r ep roduc ih i l i t y  of the o the r  twa methods was s imi l a r .  
analyzer  gave lower s u l f u r  va lues  compared with t h e  x-ray f luo rescence  method. 
content ,  determined using x-ray f luorescence spectrometry,  was much c l o s e r  t o  the  
expected values.  Hence, a l l  t h e  r e s u l t s  discussed in t h i s  r epor t  a r e  based on t h e  
x-ray f luorescence spectrometry method. 

Su l fu r  con ten t s  of coke and coke agglomerates as determined 
AS'IM method D4239-83, Leco s u l f u r  ana lyze r  and x-ray f luo rescence  spec t romet ry  

The t h r e e  methods gave s i m i l a r  r e s u l t s  f o r  coke and coke o i l  

The 
However, t h e  Leco s u l f u r  

S u l f u r  

TABLE IV 
Comparison of Sulfur  Resul ts  Ohtained Using Di f f e ren t  Methods. 

Sample 

Suncor Coke 

Suncor Coke-Bitumen 
Agglomerates 

~~ 

Tota l  s u l f u r  To ta l  
Total  ox id i sab le  s u l f u r  ( a s  w/w% of o x i d i s a b l e  

(SO2 emit ted)  by ASTM agglomerates) s u l f u r  from 
Method ash* a n a l y s i s  

46OoC 75O0C 840°C 1000°C method method 460°C 1000°C 
x-ray Leco 

5.5f.0.1 5.3t0.2 - - 5.9f0.2 5.8S.1 - - 
( 4 )  (3)  ( 4 )  (4) 

(2 )  (2) (2) (3)  
5.8f.0.1 5.9t0.2 - 5.620.2 5.7 5.9W.1 5.8 5.7 

Suncor Coke- 4.75f.0.3 3.7S.2 
Limestone-Bitumen 
Agglomerates (3) 
Ca:S Mole r a t i o  0.6 

3.2 1.3 

*' 

Ca:S Pble  r a t i o  0.8 

I 
- 3.1 4 .23 .3  3 . 5 a . 4  3.2 1.3 

(3)  
1.8 

" 

Ca:S Mole r a t i o  2.6 
1.40f0.1 3.0t0.5 1.3 2.1f1.0 3.520.3 2.hS.1 2.2 0.9 

( 2 )  (3) ( 2 )  (10) 



reported t o  c a t a l y z e  t h e  s u l f a t i o n  r e a c t i o n  between CaO(s) and SOz(g) @]. 
analyses  of t h e  Suncor delayed coking coke and Syncrude f l u i d  coke a r e  presented in 
Table V below: 

Ash 

TABLE V 
Ash analyses  of the Cokes (wlw% of Ash) 

Coke I I Suncor delayed 
Coking Coke 

Total  Ash 
s iop  
*lZ03 
Fe203 
N i O  
v2°5 
TiOp 
CaO 

Nap0 
MgO 

K 2 0  

3 . 4  
42 
19 
23 

2 
5 
2 
3 
2 
1 
2 

8.0 
41 
22 
12 

1 
3 
3 
5 
2 
2 
2 

As Fep03 is one of t h e  major components of t he  a sh  from both cokes, s i g n i f i -  
can t  amounts of s u l f u r  r e t e n t i o n  by t h e  ash from these  cokes might be expected. 
However, no s i g n i f i c a n t  s u l f u r  r e t e n t i o n  by the  ash from e i t h e r  coke w a s  observed. 
Sulfur  r e t e n t i o n  by t h e  ash from Suncor coke ranges from 1-3% and f o r  Syncrude coke i t  
is i n  t h e  3-5% range. Although the Fe201 con ten t  of t he  a sh  from Suncor coke is about 
double t h a t  of the Syncrude coke, i t s  s u l f u r  r e t e n t i o n  i s  only ha l f  t h a t  of the 
Syncrude coke ash. This appears  t o  be more cons i s t en t  with the CaO content  of t h e  two 
ashes  and suggests  t h a t  CaO is  the  only r e a c t i v e  ing red ien t  f o r  s u l f u r  r e t en t ion  i n  
the  coke ash.  

However, cond i t ion ing  agen t s  were found t o  f a c i l i t a t e  agglomeration, probably by 
inc reas ing  t h e  w e t t a b i l i t y  of t h e  coke p a r t i c l e s  with r e spec t  t o  the  br idging o i l .  
The e f f e c t  was more pronounced f o r  Syncrude coke than f o r  Suncor coke. This was 
evident  from t h e  lower amount of br idging l i q u i d ' r e q u i r e d  t o  agglomerate Syncrude coke 
in t he  presence of cond i t ion ing  agents ,  i n  p a r t i c u l a r  o l e i c  ac id  and sodium o l e a t e .  
This  is cons i s t en t  w i th  t h e  f a c t  t h a t  Suncor delayed coke is more hydrophobic than  
Syncrude f l u i d  coke because of t h e  presence of a small amount (0 .4% by weight) of a 
benzene e x t r a c t a b l e  ma te r i a l  [11], 
Coagglomeration of Limestone wi th  Suncor Coke in t h e  absence of a condi t ioning Agent. 

dua l  agglomerates were only obtained when t h e  C a  t o  s u l f u r  ratio was < 1.2;  beyond 
t h i s  r a t i o  a u n i t a r y  phase r e su l t ed .  

t o  s u l f u r  molar r a t i o .  It i s  obvious from t h e s e  p l o t s  t h a t  t he  e f f i c i e n c y  of s u l f u r  
dioxide cap tu re  mainly depends on t he  calcium to  s u l f u r  mole r a t i o  i n  t h e  agglome- 
rates, and the  combustion temperature.  Considerably more s u l f u r  dioxide r e t e n t i o n  was 
obtained a t  1000°C than  a t  460°C. This i s  c o n s i s t e n t  with va r ious  published r e p o r t s  
[9,12-15J. 
explained on t h e  b a s i s  of s e v e r a l  mechanisms k]. 
s u l f u r  dioxide is n o t  w e l l  understood [16-17]. 
t he  r e a c t i o n  invo lves  two s t e p s .  The f i r s t  s t e p  is the  decomposition of calcium 
carbonate  ( c a l c i n a t i o n )  t o  carbon dioxide and calcium oxide: 

Condi t ioning agen t s  used d id  not a f f e c t  t h e  r e t e n t i o n  of s u l f u r  by ash. 

Suncor coke can be e a s i l y  coagglomerated with l imestone.  However, i n d i v i -  

F igu re  1, is a p l o t  of t he  percentage of t h e  s u l f u r  r e t e n t i o n  versus  calcium 

This  g r e a t e r  r e a c t i v i t y  of l imestone a t  h ighe r  temperatures  has been 

The d e t a i l e d  k i n e t i c  mechanism of t h e  r e a c t i o n  between carbonate  rock and 
However i t  is gene ra l ly  accepted t h a t  

CaC03(s) -) CaO(s) + Cop ( 9 )  ( 3 )  

The second s t e p  is t h e  r eac t ion  of s l l l fu r  dioxide and calcium oxide.  I n  the  
presence of excess a i r  t h i s  r e a c t i o n  produces CaS04(s): 
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However, with limited amounts or no air present the preferred product was 
temperature dependent [GI. 
thermodynamically stable CaSO,,*CaS was formed at higher temperatures as shown in 
reactions 5-7 below. 

At lower temperatures CaSOg was formed whereas the more 

4 CaO(S) + 4 SOz(g) -- 3 CaSO,(s) + C a S ( S )  ( 6 )  

cas(s) + 2 02(g) + CaSO,, ( 7 )  

The capacity of limestone to react with SO2 in a fixed bed reactor has been 
studied by various workers [9,12-15). 
is the controlling step at low temperatures, and the aulfation reaction is the 
controlling step at high temperatures. At low temperatures calcination is slow and 
hence overall conversion of limestone to CaSO w i l l  be low. As the temperature is 
raised the calcination rate w i l l  increase [18]. 
of calcination is so fast that the rate of Glfation dominates the overall reaction 
resulting in higher utilisation of sorbent. 

the agglomerates is increased a corresponding decrease in sulfur dioxide emissions 
during combustion of Suncor coke is achieved. For small values of the calcium to 
sulfur ratio there appears to be a linear correlation between sulfur dioxide capture 
and the calcium to sulfur mole ratio. This is consistent with the fluidized bed 
combustion studies of coals in presence of 1imestone.h this range, sulfur retention 
has been found to be related to the capacity of the stone and not its reactivity k]. 

It has been suggested that the rate of reaction between sulfur dioxide and 
limestone is strongly affected by the diffusion of the gaseous reactants u]. 
Because calcium sulfate has a molar volume about 3 times larger than that of calcium 
oxide, the accumulation of reaction product causes the sorbent porosity to decrease 
and the diffusional resistance to increase. When the pore mouths are filled with the 
reaction product, a considerable percentage of the interior of the pores become 
inaccessible to the gaseous reactants and the reaction stops. In addition it has been 
shown that the pore size distribution is affected by the temperature and COP partial 
pressure during calcination &I. 
re sure8 of CO fd. This is zonsistent with the observed lower degree of sulfur fixation at 46Ooc 
than at 1000°C. 

oxygen partial pressure during combustion at a particular temperature. Much higher 
sulfur retention values were obtained under excess air than under limited air at the 
same combustion temperature (460OC). This is because st lower temperatures, in the 
presence of excess air CaSO,, is formed which is thermodynamically more stable than the 
CaS03 preferentially formed in the presence of limited air. However, it is noteworthy 
that the results under discussion were obtained from two stage combustion as described 
in the experimental section. The initial combustion was carried out on a bunsen 
burner where the effective combustion temperature could have been considerably higher 
than 460"C, the temperature of the furnace for second stage of cornbustion. Hence, the 
effect noted above could be due to a combination of excess air and higher initial 
combustion temperature. 

required for agglomeration. However, the ratio of coke to bitumen does not affect the 
extent of sulfur retention by limestone. This suggests that limestone is a good 
sorbent for sulfur emissions from both bitumen and coke. 

It has been found that the calcination reaction 

At the optimum temperature the rate 

Results summarized in Figure 1 demonstrate that as the limestone content of 

At higher temperatures and under higher partial 
higher rates of reactions between SO2 and CaO have been reported 

The sulfur retention by limestone was also found to be affected by the 

With increasing amounts of limestone. greater quantities of bitumen were 
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The Ef fec t  of Combustion Temperature on t h e  Retention of SO, by Ash from Suncor 
Coke-Limestone Agglomerates. 

As d i scussed  above, t he  capture  of s u l f u r  dioxide by the sorbent  is a f f e c t e d  
by t h e  combustion temperature.  
were ashed a t  460"C, 75OoC and 1000°C in orde r  t o  f i n d  the optimum cornbustion tempera- 
t u r e  for maximum s u l f u r  r e t en t ion .  Resul ts  a r e  summarized in Figure 2. These r e s u l t s  
a r e  d i f f e r e n t  from t h e  r e s u l t s  shown in Figure 1 in t h a t  t h e s e  were obtained using 
sodium hydroxide as a condi t ioning agent.  It i s  obvious from these  r e s u l t s  t h a t  
maximum r e t e n t i o n  i s  achieved around 750°C t o  1000°C. However, an ashing temperature  
of 1OOO'C w a s  s e l e c t e d  fo r  subsequent work because t h i s  is c lose r  t o  t h e  temperatures  
used in a c t u a l  combustion equipment. 

A t  h ighe r  temperature  s u l f u r  r e t e n t i o n  is almost independent of t h e  calcium 
t o  su l fu r  mole r a t i o  in t he  range inves t iga t ed .  Almost 70% s u l f u r  r e t e n t i o n  can be 
achieved with a Ca t o  s u l f u r  mole r a t i o  of 0.6. This can be explained on t h e  b a s i s  of 
much f a s t e r  r a t e s  of r eac t ions  f o r  both c a l c i n a t i o n  and s u l f a t i o n  as well as pore 
plugging a t  h ighe r  temperatures  as discussed above k, 16-17,19 1. 
t u r e s ,  s u l f u r  r e t e n t i o n  is propor t iona l  t o  t h e  Ca t o  S =ratio. 
been due t o  t h e  g r e a t e r  thermal s t a b i l i t y  of &SO,, at lower temperatures.  

A t  460"C, f o r  a p a r t i c u l a r  Ca t o  S mole ratio t h e  ex ten t  of s u l f u r  r e t e n t i o n  
was mch  h ighe r  i n  excesa a i r  than i n  l imi t ed  air. 
pressure a t  h ighe r  temperatures  was i n s i g n i f i c a n t .  This can  be explained on t he  b a s i s  
of t he  formation of thermodynamically more s t a b l e  CaSO,, in excess a i r  a t  l o w  tempera- 
t u r e  and under any cond i t ions  at  higher  temperatures  as a g a i n s t  thermodynamically less 
s t a b l e  Cas03 obtained a t  low temperatures in l imi t ed  a i r .  Calcium s u l f i t e  w i l l  
decompose above 400'C according t o  t h e  equat ion:  

The samples of coke agglomerates con ta in ing  l imestone 

For lower tempera- 
This could have 

i 
Ihe e f f e c t  of oxygen par t ia l  

The Ef fec t  of Condi t ioning Agents on Sul fu r  Dioxide Capture by Limestone. 
In a recen t  pub l i ca t ion  i t  has been reported t h a t  when sodium was deposi ted 

on CaO, t h e r e  was a s i g n i f i c a n t  i nc rease  in SO2 adsorpt ion,  and adsorpt ion inc reased  
wi th  inc reas ing  sodium depos i t i on  [E]. The presence of sodium was suggested t o  have 
ac t iva t ed  t h e  CaO s u r f a c e  f o r  SOp adsorpt ion due t o  t h e  formation of Na-C-Ca spec ie s .  
In order t o  i n v e s t i g a t e  t h e  e f f e c t  of sodium on SO2 cap tu re  by l imestone, Suncor coke 
was coagglomerated with l imestone in t he  presence of va r ious  concen t r a t ions  of sodium 
hydroxide,  sodium o l e a t e  and a sodium sal t  of a petroleum s u l f o n a t e  (Witco TRS 10/80). 
The e f f e c t  of t h e s e  a d d i t i v e s  on t he  r e t e n t i o n  of s u l f u r  d iox ide  by l imestone has been 
i l l u s t r a t e d  in Figure  3. 

The a d d i t i o n  of a l l  t h r e e  condi t ioning agen t s  improved t h e  coagglomeration 
of t he  components, r e s u l t i n g  in t h e  use of smaller  q u a n t i t i e s  of bitumen, e s p e c i a l l y  
a t  higher  Ca t o  s u l f u r  mole ratios. This could have been due to  t h e  improved 
w e t t a b i l l t y  of t h e  components towards the br idging oil as  a r e s u l t  of t he  use of 
s u r f a c t a n t s  or by in s i t u  formation of s u r f a c t a n t s  by r e a c t i o n  between the  a l k a l i  and 
c e r t a i n  bitumen components. 

achieved when t h e  agglomerates were prepared i n  t h e  presence of t h e s e  add i t ives .  This 
e f f e c t  was more pronounced f o r  t h e  higher  Ca t o  s u l f u r  r a t i o s .  The r e l a t i v e  effec-  
t iveness  of t he  t h r e e  a d d i t i v e s  was e s s e n t i a l l y  iden t i ca l .  As a l l  t h r e e  a d d i t i v e s  
were sodium sal ts  i t  is poss ib l e  t h a t  the observed improvement was owing t o  sodium 
a c t i v a t i o n  of ca l c ined  l imestone [ZO]. 

experiments c a r r i e d  ou t  i n  t h e  presence of add i t ives ,  compared with the  blank experi-  
ments. It appears  that t h e  t h r e e  a d d i t i v e s  a l l  have the  a b i l i t y  t o  d i s t r i b u t e  
l imestone uniformly wi th in  t h e  agglomerates.  Overal l  s u l f u r  cap tu re  by l imestone was 
independent of t h e  concen t r a t ion  of t he  va r ious  addi t ives .  This is c o n s i s t e n t  with 
t h e  presumed c a t a l y t i c  na tu re  of t hese  add i t ives .  
Coagglomeration o f  Suncor Coke wi th  Lime. 

was considerably more d i f f i c u l t  than with l imestone,  r e s u l t i n g  in a u n i t a r y  phase i n  
most cases.  Ce r t a in  bitumen components ( ca rboxy l i c  ec ids )  a r e  known t o  i n t e r a c t  

As can be seen from t h e  p l o t s  in Figure 3, b e t t e r  s u l f u r  capture  was 

It is a l s o  apparent  t h a t t h e r e  is a reduced s c a t t e r  i n  t h e  da t a  po in t s  f o r  

Coagglomeration of Suncor coke wi th  lime was a l s o  attempted. This procedure 
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s t rong ly  with calcium ions. 
calcium atoms a t  t he  s o l i d  su r face  appears  t o  occur r ead i ly .  This r e s u l t s  i n  a hydro- 
phobic su r face  e a s i l y  we t t ab le  by the  o i l ,  a l lowing co-agglomeration with t h e  na tu ra l -  
l y  hydrophobic coke. Lime, however, r e a c t s  s t rong ly  with water and t h i s  r e a c t i o n  
probably OCCUKS i n  preference t o  i n t e r a c t i o n  with t h e  a c i d i c  bitumen components. 
Thus, t he  l i m e  su r f ace  does not become properly condi t ioned by the bitumen and 
co-agglomeratian does not  r ead i ly  Occur. 

The e f f e c t  of calcium t o  Su l fu r  mole r a t i o  on t he  r e t e n t i o n  of s u l f u r  
dioxide by l ime is i l l u s t r a t e d  i n  Figure 4. As is evident  the degree of s u l f u r  
dioxide r e t en t ion  inc reases  with inc reas ing  amounts of l i m e  in t he  agglomerates up to  
about 90% a t  a calcium t o  s u l f u r  mole Katio of about 2. Rela t ive ly  low d a t a  s c a t t e r  
i n  Figure 4 suggests  a uniform d i s t r i b u t i o n  of l i m e  w i th in  the agglomerates.  

excess  a i r  on the  r e t e n t i o n  of s u l f u r  by lime. Again. considerably h ighe r  s u l f u r  
r e t en t ions  were achieved a t  1000°C than a t  460'C. This e f f e c t  is  i d e n t i c a l  t o  t h e  one 
noted f o r  l imestone. It is a l s o  c o n s i s t e n t  with t h e  published r e s u l t s  f o r  t h e  
f lu id i zed  bed combustion s t u d i e s  with s i m i l a r  systems b, 12-15]. However, c o n t r a r y  t o  
t h e  l imestone case. where s u l f u r  cap tu re  was  found t o  be independent of t h e  calcium t o  
s u l f u r  mole ra t io  in t h e  h ighe r  r a t i o  range, s u l f u r  cap tu re  by l i m e  is dependent on 
t h e  calcium t o  s u l f u r  mole r a t i o  a t  a combustion temperature of 1000°C. This could be 
p a r t l y  due t o  the d i f f e r e n c e  in t h e  r e a c t i v f t i e s  of uncalcined and precalcined 
l imestone a t  higher  temperatures @]. It has been found tha t  t he  capac i ty  of 
uncalcined l imestone t o  r e a c t  with SO,(g) reached an optimum near 900°C while  t h e  
capac i ty  of precalcined l imestone decreased with inc reas ing  temperature above 700°C. 
Higher r e a c t i v i t y  of uncalcined l imestone a t  h ighe r  temperatures is s a i d  t o  be due t o  
t h e  higher  p a r t i a l  p re s su re  of CO (g)  produced from the  c a l c i n a t i o n  r e a c t i o n  k]. 
pronounced f o r  t h e  Syncrude f l u i d  coke-lime system than f o r  t h e  Suncor delayed coking 
coke-lime system. 
t h e  cokes. 
feed than during delayed coking (DC) E]. 
combustion temperatures than t h e  FC coke. 

Another important observat ion r e l a t i n g  t o  t h e  temperature e f f e c t  is t h a t  
maximum s u l f u r  dioxide r e t e n t i o n  was obtained near  750'C f o r  lime i n  c o n t r a s t  t o  a 
value of 1000°C f o r  l imestone. This  is c o n s i s t e n t  with t h e  published d a t a  of va r ious  
authors  who found t h a t  t h e  optimum s u l f a t i o n  temperature  f o r  uncalcined p a r t i c l e s  is  
gene ra l ly  higher  than t h a t  f o r  ca l c ined  p a r t i c u l e s  of t h e  same material &I. 
a t  This is con t ra ry  to the e f f e c t  noted f o r  
l imestone. The presence of excess  a i r  w i l l  lead t o  the  formation of thermodynamically 
s t a b l e  CaSO,, i n  both cases .  
with the  extent  of r e a c t i o n  due t o  pore plugging [16-17]. 
pore plugging is slower i n  t h e  presence of CO, produced from t h e  c a l c i n a t i o n  of 
l imes tone.  
CoagKlaneration of Suncor Coke w i t h  Hydrated Lime. 

prepared i n  t h e  l abora to ry  under d i f f e r e n t  condi t ions as l i s t e d  i n  Table 111, compared 
with the  reagent grade Ca(OA),. 
Suncor coke by hydrated l ime l ead  t o  va r ious  observat ions.  

As with lime maximum s u l f u r  dioxide r e t e n t i o n  was achieved near  750'C f o r  
reagent grade &(OH)* i n  c o n t r a s t  t o  t he  maximum near  1OOO'C f o r  t h e  l abora to ry  
prepared samples of hydrated l i m e .  
same sorbent  obtained from d i f f e r e n t  sources  is  not well understood. However, t h i s  
behavior is c o n s i s t e n t  w i th  t h e  f l u i d i z e d  bed combustion s t u d i e s  of s u l f u r  r e t e n t i o n  
by l imestone and dolomite. 
in f lu id i zed  bed combustion depends on t h e  s p e c i f i c  l imestone o r  dolomite  employed 
[g' 

Whereas sodium o l e a t e  was  found t o  be b e n e f i c i a l  i n  t h e  agglomeration of 
l abora to ry  prepared samples of hydrated l ime, none of t h e  a d d i t i v e s  a f f e c t e d  e i t h e r  
t h e  r e t e n t i o n  of SO2 o r  agglomeration of t he  reagent  grade &(OH),. This suggests  

For l imestone,  chemisorption of these components to 

Figure 5 demonstrates t h e  e f f e c t  of combustion temperature and amount of 

The temperature e f f e c t  $0, s u l f u r  dioxide r e t e n t i o n  by l ime is more 

This r e f l e c t s  t h e  d i f f e rences  i n  the  condi t ions during formation of 
During f l u i d  coking (FC), more v o l a t i l e  ma t t e r  is removed from the  bitumen 

As a r e s u l t  DC coke may r e q u i r e  lower 

Excess a i r  had a negat ive e f f e c t  on t he  r e t e n t i o n  of s u l f u r  d iox ide  by l ime 
combustion temperature  of 46OoC. 

However, t he  r a t e  of s u l f a t i o n  r eac t ion  will dec rease  
It is probable  t h a t  t h i s  

It was r e l a t i v e l y  easy t o  coagglomerate t h e  samples of hydrated l ime 

The r e s u l t s  f o r  t h e  r e t en t ion  of s u l f u r  d iox ide  from 

The reason f o r  t h i s  d i f f e r e n c e  i n  behavior of t h e  

It has 'been reported t h a t  t h e  maximum i n  S u l f u r  r e t en t ion  
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t h a t  reagent grade 
t h i s  work. 

is t he  l e a s t  hydrophobic among the  so rben t s  i nves t iga t ed  in 

Also, decomposition of Ca(OH)2 poss ib ly  produced r eac t ive  CaO 

Ca(OH)p(s) 4 CaOb) + H20(g) [9 1 
Water vapour and oxygen have been found t o  show a s i m i l a r  e f f e c t  on the  oxida t ion  r a t e  
of &SO3 t o  &SO, [24]. Figure  6 is a graphic  r ep resen ta t ion  of t hese  r e s u l t s .  There 
is a linear c o r r e l a t i o n  between the  amount of s u l f u r  r e t e n t i o n  and the  mole r a t i o  of 
calcium t o  s u l f u r  in the agglomerates. About 90% s u l f u r  r e t e n t i o n  can be achieved 
with a calcium t o  s u l f u r  mole r a t i o  of 1.2. Coke t o  bitumen r a t i o  does not appear t o  
a f f e c t  t h e  r e a c t i v i t y  o r  capac i ty  of hydrated lime f o r  SO2 capture.  This sugges ts  
t h a t  hydrated l i m e  is an e f f e c t i v e  sorbent f o r  s u l f u r  d ioxide  from bitumen a s  well a s  
from coke. 

ove ra l l  r e t e n t i o n  of s u l f u r  d ioxide  by hydrated lime. T h i s  is cont rary  t o  the  e f f e c t  
noted f o r  CaO and limestone. Since water vapor and oxygen have a s i m i l a r  e f f e c t  on 
t he  oxida t ion  r a t e  of CaS03 t o  CaSO, [SI, the need f o r  add i t iona l  air  w i l l  be elimi- 
nated, Also, i t  could be poss ib l e  t h a t  water vapor prevents  t he  pore plugging t h a t  
produced a negat ive  e f f e c t  f o r  CaO in the  presence of excess  a i r ,  l ead ing  t o  almost 
s to i ch iomet r i c  u t i l i s a t i o n  of t he  sorbent.  This w i l l  a l s o  expla in  the  l i n e a r  r e l a -  
t i onsh ip  between t h e  ex ten t  of s u l f u r  d ioxide  r e t e n t i o n  and the  amount of hydrated 
l i m e  i n  t h e  agglomerates.  
Coagglomeration of Syncrude Fluid Coke wi th  Lime/Limestone. 

In order  to  a s s e s s  the  e f f i c i ency  of t h i s  process  f o r  c o n t r o l l i n g  s u l f u r ,  
d ioxide  emissions from t h e  combustion of va r ious  types  of cokes,  coagglomeration of 
Syncrude f l u i d  coke with lime o r  l imestone was a l s o  attempted. The r e s u l t s  were 
e s s e n t i a l l y  i d e n t i c a l  t o  those  observed f o r  Suncor coke. The e f f i c i e n c i e s  of s u l f u r  
d ioxide  r e t e n t i o n  from the  combustion of Syncrude coke by l imestone and l i m e  can be 
compared with the  r e s u l t s  presented in Figure 7. Although, both curves  fo l low essen- 
t i a l l y  t h e  same t r e n d ,  i t  is obvious from the  r e s u l t s  t h a t  l imestone is a more 
e f f i c i e n t  sorbent ,  compared with lime, over the  e n t i r e  range of calcium t o  s u l f u r  
r a t io s .  
t h e  in s i t u  c a l c i n a t i o n  r eac t ion  The e f f e c t  of pore s i z e  is known t o  be 
s i g n i f i c a n t  i n  determining the  r a t e  a s  well as  the  ex ten t  of r eac t ion  between SO2 and 
CaO. It has been found t h a t  smal l  pores in t he  ca l c ines  r e su l t ed  in high r a t e s  of 
r eac t ions  and low o v e r a l l  conversions due t o  pore pluggin , while l a r g e  pores caused 
lower r a t e s  of r eac t ion  wi th  h igher  conversions [17.21,25~. It is probable t h a t  t he  
f r e sh ly  ca lc ined  l imes tone  p a r t i c l e s  have b igger  pores than  the  CaO used. This is a 
very  important r e s u l t  a s  t h e  a b i l i t y  t o  use  a cheap and r e a d i l y  ava i l ab le  ma te r i a l  in 
its na tu ra l  form has  a cons iderable  economic s ign i f i cance .  The c o s t  r a t i o  of lime t o  
l imestone on a molar bas i s  nay vary from 2 t o  4 depending on the  t r anspor t a t ion  
d i s t ance  [26].  Even the c o s t s  f o r  t r anspor t a t ion  and handling of l imestone tends t o  
be lower t G n  f o r  lime s i n c e  i t  can be t ranspor ted  i n  open trucks.  

Resul t s  d i scussed  so f a r  have demonstrated t h a t  coagglomerating cokes wi th  
such  s u l f u r  capture  agents  a s  l imestone, lime and hydrated lime could be an e f f e c t i v e  
way fo r  c o n t r o l l i n g  s u l f u r  d ioxide  emissions from the  combustion of these  cokes. In 
Figure 8 a comparison of t h e  e f f i c i ency  of t h i s  process  in terms of s d f u r  r e t e n t i o n  
by the ash  has been made f o r  t he  two cokes inves t iga t ed .  
t h a t  although t h i s  process  is e f f e c t i v e  f o r  both cokes it is s l i g h t l y  more e f f i c i e n t  
f o r  Syncrude coke compared with Suncor coke s p e c i a l l y  a t  h ighe r  calcium t o  s u l f u r  
r a t io s .  Thus, a t  a calcium t o  su l fu r  mole r a t i o  of about 1: l  over 90% s u l f u r  
r e t en t ion  can be achieved f o r  Syncrude coke compared with over 80% s u l f u r  r e t e n t i o n  
f o r  S n c o r  coke. 
g a s i f i c a t i o n  r e a c t i v i t y  of Syncrude f l u i d  coking coke compared with t h a t  of Suncor 
delayed coking coke &]. 
coke, Is s u r p r i s i n g  as t h e  former was subjec ted  t o  more seve re  treatment in the  coking 
process.  However, no reason  f o r  t h i s  r e a c t i v i t y  d i f f e r e n c e  has  been suggested. 

The presence of excess a i r  does not have any s i g n i f i c a n t  e f f e c t  on the 

This could be a t t r i b u t e d  t o  the  h igher  po ros i ty  and r e a c t i v i t y  produced by 
/16,17]. 

It is obvious from the  p l o t s  

This d i f f e r e n c e  nay be due t o  t h e  r epor t ed ly  h igher  bulk 

Higher r e a c t i v i t y  of f l u i d  coke, compared with delayed 
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Comparative e f f i c i e n c i e s  of t h e  t h r e e  so rben t s  i nves t iga t ed ;  l i m e ,  hydrated 
lime and l imestone have been i l l u s t r a t e d  in t h e  p l o t s  shown i n  Figure 9.  These 
r e s u l t s  were obtained i n  t h e  presence of condi t ioning agents  t h a t  a c t i v a t e  the  sorbent  
as discussed above. It i s  obvious from these p l o t s  t h a t  a c t i v a t e d  l imestone is  t h e  
most e f f i c i e n t  in i t s  capac i ty  t o  r e t a i n  S O z .  Lime and hydrated lime both have compa- 
r ab le  e f f i c i e n c i e s  f o r  low calcium t o  s u l f u r  r a t i o s  (up t o  1.0). However, in t h e  
range of Ca t o  S ratios beyond 1, hydrated l i m e  appears  t o  be more e f f i c i e n t  than 
l i m e ,  approaching in e f f i c i e n c y  t o  tha t  observed f o r  ac t iva t ed  l imestone. The 
observed higher  e f f i c i e n c y  of ac t iva t ed  l imestone f o r  SOz r e t e n t i o n  i s  of considerable  
s ign i f i cance  because of i ts  a l r eady  mentioned economic advantage over  t h e  o t h e r  
sorbents .  

c i a l  e f f e c t  on the  leaching of nickel  and vanadium from coke a s h  using hydroch lo r i c  
acid.  Hence, coagglomeration of coke wi th  calcium compounds w i l l  have the  added 
advantage t h a t  t he  ash from these  agglomerates would be more s u i t a b l e  f o r  mild a c i d  
leaching than the  a sh  from coke alone. 

In a f l u i d i z e d  bed combustion of coa l  the amount of so rben t  required t o  
achieve a given r educ t ion  in s u l f u r  dioxide emissions mainly depends on t he  gas 
r e t e n t i o n  t i m e  in t he  bed and consequently the  flow r a t e  of air .  However, in t h e  
present case,  where t h e r e  is i n t ima te  con tac t  between f u e l  and sorbent  within a n  
agglomerate matr ix .  s u l f u r  d iox ide  has t o  d i f f u s e  out through t h e  agglomerate po res ,  
contact ing so rben t  du r ing  i t s  passage, before  coming in con tac t  with t h e  f l u i d i z i n g  
air .  Hence, one might expect g r e a t e r  u t i l i z a t i o n  of t h e  so rben t  i n  t h i s  l a t t e r  ca se  
compared t o  f l u i d i z e d  bed combustion where sorbent  is added s e p a r a t e l y  t o  the  bed. A 
comparison of t h e  r e s u l t s  from t h i s  i nves t iga t ion  with the  d a t a  from some prel iminary 
experiments on the  s imulated f lu id i zed  bed combustion of Suncor coke does suggest  a 
g r e a t e r  e f f i c i e n c y  f o r  coagglokerated so rben t s  compared t o  a s imple mixture  of 
components. Details of these  f indings will be presented elsewhere.  
Conclusions 

According to the  f ind ings  of Schneider and George [ 7 1  calcium has  a benefi-  

(1)  There is no s i g n i f i c a n t  s u l f u r  r e t en t ion  by the  o r i g i n a l  a s h  from the  Athabasca 
bitumen cokes.  
Cokes produced du r ing  t h e  upgrading of Athabasca bitumen can be success fu l ly  
coagglomerated wi th  s u l f u r  dioxide capture  agents such as:  l i m e ,  hydrated l i m e  
and l imestone as a means of reducing sulfur emissions. On combustion, mst of 
the s u l f u r  remains in t h e  recovered ash from these  agglomerates i n s t e a d  of 
escaping t o  t h e  atmosphere as SOz.  
ASTM method D 4239-83 is no t  s a t i s f a c t o r y  f o r  measuring t h e  s u l f u r  dioxide 
emissions from t h e  combustion of coke-limestone agglomerates.  
Decrease in t h e  s u l f u r  dioxide emitted on combustion of t h e  coke-sorbent agglome- 
r a t e s  depends on such v a r i a b l e s  a s  the calcium t o  s u l f u r  mole ratio. combustion 
temperature,  p a r t i a l  p re s su re  of oxygen, condi t ioning agen t s  and t h e  type of coke 
and sorbent .  
The quan t i ty  of t h e  s u l f u r  dioxide capture  agents  required f o r  coagglomeration 
with coke depends on t h e  degree of s u l f u r  removal desired.  The dec rease  in t h e  
s u l f u r  d iox ide  formed on combustion inc reases  with inc reas ing  q u a n t i t i e s  of 
add i t ive ,  u n t i l  f u r t h e r  add i t ive  confe r s  no add i t iona l  bene f i t .  Thus over 80-90% 
r educ t ions  in s u l f u r  d iox ide  emissions can be achieved with a calcium t o  s u l f u r  
mole ra t io  of approximately 1:l. 
Combustion temperature  had a profound e f f e c t  on t h e  r e t e n t i o n  of s u l f u r  d iox ide  
by so rben t s .  In g e n e r a l ,  a t  higher  temperatures more s u l f u r  d iox ide  r e t e n t i o n  
was achieved than a t  lower temperatures.  However, t h e  optimum temperature a t  
which maximum s u l f u r  r e t e n t i o n  could be ohtained v a r i e s  w i th  the  type of 
sorbent.  
A t  lower combustion temperatures ,  t h e  presence of excess  a i r  had a b e n e f i c i a l  
e f f e c t  on t he  r e t e n t i o n  of s u l f u r  i n  the  coke-limestone system, and a negat ive 
e f f e c t  in t h e  coke-lime system. For t h e  coke-hydrated l i m e ,  presence of excess  
air does no t  a f f e c t  the o v e r a l l  conversion. 
Conditioning agen t s  such as sodium hydroxide,  sodium o l e a t e  and a petroleum 
su l fona te  had a b e n e f i c i a l  e f f e c t  both on agglomeration and on t he  ex ten t  of 
Su l fu r  d iox ide  capture .  
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(9) Coagglomeraion of Athabasca bitumen cokes with l ime, hydrated lime or l imes tone  
is an e f f e c t i v e  d e s u l f u r i z a t i o n  method. However, Syncrude f l u i d  coke gave 
s l i g h t l y  b e t t e r  results than Suncor delayed coke. 

economic advantage a s  l imestone is 2-4 times cheaper than lime. 
(10) Activated l imestone is a s l i g h t l y  more e f f i c i e n t  sorbent than l i m e .  This has a n  
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Figure Captions. 
Figure 1. Calcium t o  s u l f u r  r a t i o  e f f e c t  on S O p  capture  by 1 i m e s t o n e o A s h i n g  

temperature 460°C in excess a i r ;  O a s h i n g  temperature 1OOO'C in l imi t ed  
a i r .  
The e f f e c t  of ash ing  temperature on SO2 capture  by l imestone. 0460°C, 
l imi ted  a i r .  .46O0C, excess  a i r ,  A750°C, excess a i r  and 0 l O O O ' C  l i m i t e d  
a i r .  

Figure 2. 

431 



Figure 3. The e f f e c t  of va r ious  condi t ioning agents  on t h e  r e t e n t i o n  of s u l f u r  - -  
d iox ide  b l imestone. 

0, b l a n k ; b ,  NaOH; 0, sodium o l e a t e  and a, TRS 10/80. 
Figure 4. calcium to  s u l f u r  r a t i o  e f f e c t s  on t he  r e t e n t i o n  of s u l f u r  dioxide bv 

lime. 
Figure 5 .  The e f f e c t  of ashing temperature on SO2 ca t u r e  

symbols f o r  Syncrude coke; c l o s e  symbols, Suncor coke. 
Calcium to s u l f u r  r a t i o  e f f e c t  on S O p  cap tu re  by hydrated l i m e .  
The SO* cap tu re  e f f i c i e n c i e s  of l imestone vs l i m e o ,  limestone;. Lime; 
from Syncrude coke. 
E f f i c i ency  of SO2 capture;  Suncor coke vs Syncrude coke. @,A, l i m e ;  0, hydrated 1 i m e ; n . A .  Syncrude colce;0,.,8, Suncor coke. 
Comparative SO2 cap tu re  e f f i c i e n c i e s  of va r ious  so rben t s  f o r  Suncor coke. 

0, 11mestoneA..  l i m e ; O ,  hydrated l i m e .  

l i m i t e d  a f r ; d , A ,  46OoC, excess  a i r  andd,., 

Figure 6. 
Figure 7. 

Figure 8. 

Figure 9. 

,A, l imestone;  
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